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Abstract
In this thesis, the viability of the construction of a nanogap
between two graphenesheets has been researched. Several
methods of electrode-fabrication have been analyzed. Two
techniques have been identified as viable candidates, namely the
MCBJ and the reactive ion-etching method. The results of Atomic
Force Microscope analysis for both methods showed graphene
reaching all the way up to the edge of the substrate. The
MCBJ-method was further researched by performing the breaking
of a Si/SiO2-wafer, under different ambient conditions. These
results point to the possibility of overhanging patches of graphene
contacting the underlying Si wafer, giving characteristic
semiconductor IV-curves.
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Chapter1
Introduction
Ever since its discovery in 2004, the field of graphene research has seen
phenomenal growth. A survey conducted by SciVal in 2014 found that the
number of scientific papers concerning graphene even showed an expo-
nential growth. Graphene is an important material in theoretical material
studies and because of its remarkable electronic properties, that will be
discussed in section 1.1, it has also been the focus of many application-
based studies. [1]
One application that has recently gained a lot of attention is the use
of graphene in characterizing and analyzing bio-molecules [2]. As will be
discussed more thoroughly in section 1.2, the 2D structure of graphene can
be used to characterize individual building blocks of these biomolecules.
A specific molecule that has been the focus of an almost uncountable
number of studies is DNA. And even though we’ve known of its exis-
tence for more than 60 years now [7], there is still a lot of effort being put
into sequencing DNA as quickly and efficiently as possible. The creation
of a nanogap between two graphene sheets will enable pulling through
of DNA, as depicted in the cover picture. By applying a voltage across
the nanogap junction, the resulting tunneling current can be analyzed.
This will give information about the structure of the DNA on a single-
nucleotide basis. The research that is described in this thesis is focused on
creating such a nanogap junction, with the concept op DNA-sequencing
as the far goal.
This thesis consists of three parts. All three have as a common topic
the behavior of graphene after or during the breaking of the substrate by
which the graphene is supported. Several techniques of breaking as well
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as characterization were used. The main focus of this thesis, however, will
be on samples broken using a variation of the MCBJ(Mechanically Con-
trollable Break Junction)-method and analyses using an Atomic Force Mi-
croscope (hereafter referred to as AFM). Furthermore, a Scanning Electron
Microscope (SEM), an Optical Microscope (OM) and IV-measurements were
used in order to characterize the structure of graphene on the edges before
and after breaking.
A novel way of creating a ‘break’ between two graphene sheets was
also introduced. This method relied on the deposition of graphene on
two seperated substrates. After deposition the overhanging graphene was
etched from the bottom using reactive-ion etching. This novel method will
also be analyzed and discussed in this thesis.
For the realization, the concept of a Scanning Tunneling Microscope
(STM) was used. The STM, on which two platforms were mounted in-
stead of the usual STM-tip and sample, allows for controlled movement
in the order of Angstroms. The platforms were mounted such that the
samples can be placed on top, allowing for electrical connections to the
graphene. An added feature is that the platforms are free to rotate over
their ‘graphene edge’-axis. This makes the perfect vertical alignment of
two one-atomic layers of graphene unnecessary, as is clarified in section
1.2.
The first chapter of this thesis is devoted to explaining general con-
cepts which are frequently mentioned throughout the rest of the thesis.
The microscope-based characterizations of the methods of production will
be discussed in the second chapter. The main focus will lie on determining
whether or not graphene reaches up to the edge of the break. The main tool
that is used in this characterization is the AFM. The third chapter will en-
compass most electrical measurements (mainly IV/conductance measure-
ments) that were performed on the graphene, with conditions reaching
from ambient to low temperature (4 Kelvin) vacuum. The fourth chapter
will describe the effort of putting all the obtained necessary ingredients in
place in order to actually create a graphene nanogap junction.
1.1 Graphene
The extra-ordinary properties of graphene can be categorized into three
relevant parts: chemical, electrical and mechanical. Both its electrical and
chemical properties will not play an explicit role, but are important enough
to take into consideration when interpreting the results that followed from
this research.
2
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Chemical Properties
The goal of this research is to bring two graphene edges into contact, the
focus of the following section will lie mostly on the structure and chemical
reactivity of graphene edges.
When it comes to its chemical properties, graphene stands out in its
reactivity. Carbon atoms on the edge have two free electrons available
for chemical reactions. The edges of graphene have the highest ratio of
edge atoms of all allotropes. Edge atoms in this sense are considered to
be interruptions of the honeycomb lattice. They occur in two different
configurations, as is shown in figure 1.1: Armchair,- and Zigzag-edges [3].
Figure 1.1: Schematic representation of zigzag and armchair edges of graphene.
Depending on the direction of the ribbon axis, graphene nanoribbons have an
armchair edge (orange) or a zigzag edge (blue). Copyright by: Empa Pictures
The energy of the electrons at the edge sites is increased. This increase
in energy is responsible for the different chemical reactivity and electronic
properties of graphene edges in comparison to its basal plane. Zigzag
edges show, in general, more chemical reactivity than armchair edges. [4].
It has been shown that applying an electric field onto graphene zigzag-
edges can cause phase-transistions [5], triggering the question of whether
or not it is possible to change the edge configuration by applying an elec-
tric field across the graphene.
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Electrical Properties
Even though its chemical and mechanical properties are remarkable, the
electrical properties of graphene are most widely studied. One of the rea-
sons for this is the combination of appealing theoretical as well as experi-
mental and industrial interests.
Graphene is a zero-gap semiconductor. It has a linear dispersion at
its Dirac points. It also exhibits remarkable properties when it comes to
electron transport. At room temperature, graphene on Si-SiO2 shows an
electron mobility of 40.000
cm2
V · s [8] [6].
An important thing to keep in mind when it comes to graphene, is
that contamination changes its electrical properties. This leads often to
non-reproducible IV-measurements, if they are conducted at atmospheric
pressure. For actual reproducible electrical measurements one must go to
vacuum conditions.
Mechanical Properties
Graphene exhibits an extremely high in-plane stiffness, Young’s modulus
and strength [10]. Of these properties mainly its strength, stiffness and
deformability will be of main interest in this research.
Most of the methods of fabricating a nanogap rely on the breaking of
graphene by breaking an underlying substrate. The substrate of choice
are Si-SiO2 wafers, because of the sharp breaking along their crystalline
orientation. When the substrate breaks, the graphene would ideally break
exactly along this line. However, when tears develop it has been shown
[11], that they do so mostly in straight lines along the zig-zag or armchair
crystalline orientations. This is something that wont be taken into account
in the research that will follow in this thesis.
Another important property of graphene is its high elasticity [10]. This
indicates that upon breaking of the substrate, the graphene might merely
stretch and not break. During the full course of this research, however,
this was not observed. This implies that even though graphene might
have an extremely high elasticity, the usage of methods such as the MCBJ-
technique – as described in section 2.3 – is still feasible. When a sample,
formerly broken via the MCBJ-method, was analyzed, a patch of over-
hanging graphene was found. This result can be seen in figure 1.2. The
research that is described in this thesis, however, has not been able to re-
produce this result. Further research is needed in order to investigate this.
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Figure 1.2: Scanning Electron Microscope Image of pieces of overhanging
graphene over a gap between Si/SiO2 wafers, previously broken using the MCBJ-
method. The damaged nature of the part of the wafer-edges that is seen here, was
not indicative for the rest of the wafer-edge, which broke sharply.
1.2 Nanogap Junctions
Nanogap junctions play a prevalent role in the scaling down of integrated
circuits, most prominently for their use as a resistance switch between
two electrodes [12]. Most of these switches have employed molecules that
show a switching effect wedged in between two metal electrodes. Lately,
even single-molecule junctions with epitaxial graphene electrodes have
been created [13], opening up the way for stable graphene nanogap junc-
tions.
As mentioned before, the main focus is the sequencing of DNA. In or-
der to practically obtain this, DNA has to be pulled through a gap between
two graphene electrodes. Furthermore, because of the need for a tunnel-
ing current between the electrodes, the electrodes have to reach as far up to
the edge as possible without hanging over. A tunneling current decreases
exponentially with distance, meaning that even a separation from the edge
in the order of nanometers won’t be sufficient. The first part of this the-
sis is solely dedicated to finding a way to obtain two graphene electrodes
reaching up to the edge of the underlying substrate.
A second problem with the introduction of the lack of substrate be-
tween the electrodes is the vertical alignment. The fact that graphene is
a mono-atomic layer material means that it is very difficult to align two
layers at exactly the same vertical height, as is the case for gap junctions
that are fully supported on a single substrate. In these experiments the
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Figure 1.3: Schematic representation of a nanogap, where the graphene electrodes
have been placed under an angle with respect to eachother
novel way of positioning the graphene sheets under an angle is intro-
duced, removing the need for perfect vertical alignment. One takes ad-
vantage of the fact that two diagonal lines always cross. This proposed
setup is schematically shown in figure 1.3.
1.3 DNA Sequencing
The field of DNA sequencing and DNA research is one of the largest in
science. A quick search on WebOfKnowledge, for example, on ‘DNA’ re-
turns almost 3.3 million publications. And if we search within those pub-
lications for the keyword ‘sequencing’ we still get over 1.2 million results.
The following section is meant as a short summary of methods of DNA se-
quencing leading up to the methods developed during this research and
as a justification for its far goal.
23 years ago, DNA sequencing was already recognized as one of the
most important aspects of molecular biology [14]. And judging from the,
according to WebOfKnowledge, more than 11000 publications mentioning
‘DNA Sequencing’ in 2015, it doesn’t seem to have lost any of that atten-
tion. From a scientific point of view one can point to molecular biology,
where sequencing enables researchers to identify changes in DNA asso-
ciated with certain diseases, and evolutionary biology, where information
about DNA enables researchers to learn more about how life evolved from
the far past to the present. But sequencing applications are also abundant
in medicine, where they enable doctors to personalize the treatment of
their patients, and even forensics, where DNA sequencing has become a
very important tool in order to catch criminals.
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In order to accomplish and improve these applications, several meth-
ods have been developed over the years. The first method that was prac-
tically viable was the so-called ‘Sanger-method’ [15]. Fred Sanger devel-
oped the first technique for sequencing DNA. DNA is replicated in the
presence of chemically altered versions of the A, C, G, and T bases. These
bases stop the replication process when they are incorporated into the
growing strand of DNA, resulting in varying lengths of short DNA. These
short DNA strands are ordered by size, and by reading the end letters from
the shortest to the longest piece, the whole sequence of the original DNA
is revealed. The Sanger-method was soon automated, sped up and further
refined [16].
Lately, due to lower costs and higher sequencing speed, attention has
shifted from the Sanger-method towards so-called 454-sequencing (or: py-
rosequencing). In pyrosequencing, during every addition of a nucleotide
to the chain a tiny amount of visible light is generated because of enzy-
matic action. By recording these flashes of light, one can create a pyro-
gram. The peaks in this pyrogram correspond to the specific nucleotides
that are being added. This means that by comparing the timing of the
flashes with the peaks appearing in the pyrogram, one can sequence the
DNA-string. Even though pyrosequencing has proven to be an improve-
ment in comparison to the Sanger-method, it still features its own specific
problems. These problems mostly relate to the fact that a read in pyrose-
quencing only encompasses 100-400 base-pairs [16].
The drawbacks in DNA-sequencing using the Sanger,- or 454-method
have led to many other proposed methods of DNA-sequencing. Third
generation DNA sequencing technologies detect single nucleotides directly
by changes in electric current. Recently, single molecule resequencing of
DNA by identifying single base molecules via tunneling current in a Me-
chanically Controllable Break Junction (MCBJ) was researched [9]. An al-
ternative method to the MCBJ includes the use of graphene nanopores. In
2010 it was shown that DNA could be translocated on a single-molecule
level by pulling it through nanopores fabricated in graphene [18]. As each
nucleotide in the DNA strands translocates through a nanopore, it specif-
ically modulates the ionic current being passed through the nanodevice.
This discovery fueled thoughts about the viability of DNA sequencing
by pulling its nucleotides through a nanogap. A major advantage in com-
parison to earlier nanopore-based sequencing techniques is the improve-
ment in resolution. Previous methods relied mostly on nanopores that
were in the order of 100 times thicker than the size of one DNA-monomer
[19]. In contrast, graphene has a thickness of 0,3 nm, which is in the same
order of size as one nucleotide.
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Chapter2
AFM characterization of broken
graphene samples
In the following chapter, the viability of several methods of electrode fab-
rication are investigated and discussed. An Atomic Force Microscope was
used in ’Tapping Mode’. In this chapter the distance of the graphene from
the edge is researched. The motivation behind this requirement stems
from the fact that DNA sequencing relies on a tunneling current between
the two electrodes. This tunneling current is exponentially dependent on
the separation.
The graphene used in the experiment was grown by Chemical Va-
por Deposition (commercially available from Graphenea). In the CVD
method, one or several gaseous reactants are introduced in a reaction cham-
ber. When the gases hit the substrate, a chemical reaction occurs. This
causes a film to develop on the substrate. The graphene was later on
transferred using a PMMA mediated method onto silicon wafers that had
a 285nm oxide layer. In all cases graphene was transferred from a copper
substrate. A Bruker Multimode V8 AFM was used with Olympus Silicon
Microcantilevers (resonance frequency 300kHz, Spring Constant 26N/m)
throughout these experiments, unless otherwise stated.
2.1 Atomic Force Microscopy
Atomic Force Microscopy has been used extensively in order to study
graphene and graphene based applications. A benefit of AFM is that it
doesn’t require conducting surfaces. This means that, contrary to STM,
AFM can image both SiO2 and Graphene. This was needed for the charac-
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Figure 2.1: Schematic representation of the functionality ’Tapping Mode’ in an
AFM.
terizations, because without the possibility to image the SiO2 there would
be no way to distinguish between the sample edge and the graphene edge.
Tapping Mode AFM (TM AFM) was used. In TM AFM, a cantilever
scans over a surface – without making contact – whilst vibrating at its res-
onance frequency (controlled via a feedback loop by the software). The
amplitude of this frequency varies according to the height of the sample,
because of Van der Waals interaction between the cantilever-tip and the
surface. The feedback loop tries to maintain a certain amplitude and there-
fore moves the cantilever upwards or downwards, following the profile of
the surface. This deflection is measured via a laser light, being reflected by
the cantilever towards a photodiode, as shown in figure 2.1. By measur-
ing this deflection whilst scanning your sample surface, you can therefore
obtain a height image of your sample.
In this experiment special care had to be attended towards setting the
right feedback parameters. This is due to the fact that the cantilever will
shoot down once it goes over the edge. For an informative enough image,
however, the cantilever has to also come up to the sample again without
crashing into it. It is practical to align the sample edge along the fast-
scanning axis of the AFM-scan.
TM AFM is capable of creating many more types of images from this
simple mechanism. One such capability that deserves extra attention is
phase-imaging. Phase-imaging records the phase shift signal of the can-
tilever. This shift can be seen as a delay in the oscillation of the cantilever
as it moves up or down. These images are often helpful in distinguishing
between different materials. These materials might be present at the same
10
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height, but differ in their Van der Waals interaction with the cantilever.
Sometimes, as in figure 2.8, they also offer a clearer view of the edge of the
sample than the height-images.
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Figure 2.2: a) Optical Microscope image of the edge of a graphene sheet (Blue)
placed on top of SiO2 (White). The horizontal edge is the edge of the wafer itself,
with the yellow part being the underlying platform. b) Height profile of the edge
of the graphene sheet, as indicated by the white dataline in (c). c) TM AFM height
image of the edge of a graphene sheet on SiO2. Crumbled up graphene can be
seen in the lower right corner. d) Corresponding phase image to (c)
In the following sections, frequent mention will be made of the step-
height between SiO2 and the graphene sheet. Theoretically this would be
around 0.3nm, namely the thickness of a single graphene sheet. Practi-
cally however this value can vary from 0.4nm to 1.8nm. On graphene,
deposited via CVD on copper and subsequently transferred onto Si-SiO2-
wafers – a value of 1.8nm is recorded [20]. This is mostly attributed to
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substrate-graphene and graphene-tip interactions. The way in which the
graphene was deposited plays a role as well [21].
From figure 2.2a one is able to identify the graphene (dark purple) and
SiO2 (light purple) via the Optical Microscope. A TM AFM scan was sub-
sequently made of the area around this boundary (2.2c). A difference in
material and height between a patch of SiO2 and a layer of graphene on
the right is clearly seen.
In the lower left corner a stretch of crumbled up graphene/PMMA,
typical for CVD-transferred graphene, can be seen. The step-edge profile
of the graphene and the SiO2 indicated in figure 2.2c is presented in figure
2.2b. This graph clearly shows a step-height of 1.8nm. It can therefore be
concluded that one can, in fact, expect to see a step-size of around 1.8nm
between graphene and SiO2 during subsequent analyses of different meth-
ods of sample preparation.
2.2 Diamond-Scriber Method
Method
As a first method of obtaining two Si-SiO2 wafers with graphene up to
the edge the so-called Diamond-Scriber Method was tried. When working
with Si-SiO2-wafers it is common practice to use a diamond-scriber in or-
der to break the wafers in pieces with the right sizes for their intended use.
There are several methods to break the Si-SiO2 wafers. In this experiment
two of these methods were used. The first one was to scratch a line on the
back of the Si-part of the wafer. The second was to make a ‘notch’ on front
side of the wafer. Pressure is then exerted on the side of the scratch. This
crack will propagate along the crystalline line and break the wafer in two
pieces.
The Diamond-scriber method is schematically shown in figure 2.3.This
method is performed while the PMMA still covers the graphene. This
allows for the wafers to be turned over without damaging the graphene.
When the wafer is broken using one of the two methods described
above, two Si-SiO2-wafers remain with graphene and PMMA still on top.
PMMA can be dissolved by putting the wafers overnight in acetone. Or-
ganic cleaning is subsequently performed (flushing wafers with Acetone-
Isopropanol-Ethanol and blow dry with Nitrogen-gas).
Figures 2.4 show the results of an AFM-scan of the edge of the wafers
that were broken using the Diamond Scriber-method with a notch on the
front. The AFM-scans were performed on possible areas where graphene
12
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(a) (b)
(c)
Figure 2.3: Schematic representation of the Diamond Scriber Method. a) Force is
exerted on a Si-SiO2-wafer with graphene and PMMA placed on top, causing it
to break (as depicted in (b)). c) After organic cleaning two wafers with graphene
on top remain
could reach graphene up to the edge under the optical microscope. The
edge can be detected at the top part of the images (where the black color
indicates a very large height-difference).
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Figure 2.4: Close together TM AFM height images of the edge (top of the image)
of Si-SiO2-wafers broken using the diamond scriber method
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The lighter parts of the height-images show a layer of graphene which
has been severely damaged near the edge. It can be seen that large flakes
of graphene are missing, as indicated by the height difference (SiO2 shows
up brown). From the corresponding phase-images it can also be seen that
there is a clear difference in material. It can be observed that in some places
graphene comes up to the edge. Further zoomed in images of these parts
were taken.
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Figure 2.5: a,c)TM AFM height image of the edge of graphene on top of Si-SiO2-
wafers broken using the diamond scriber method. b) Corresponding phase image
to a). d) Height profiles corresponding to lines 1,2 shown in a). Line 3 is the
separation distance between the graphene and the edge (1.8nm).
Again missing flakes of graphene can be detected. Figure 2.5d shows
the step-height between the two different materials that can be identified
using either the height or the phase-image. Analysis of this step-height
(profile 2) shows a 2.6 nm step-size between the graphene and the SiO2. It
can also be seen that a fold has developed, after breaking, near the edge.
This is confirmed by height analysis of this area (profile 1) that shows a
4.1nm step-size. The area where the graphene seemed to reach closest to
the edge was also identified. The distance between the graphene and the
sample edge was 1.8nm (line 3).
14
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Discussion
The main goal of these measurements is to conclude whether or not these
particular methods are suited for use in a graphene nanogap junction. This
directly relates to the coverage of graphene on the edge. While the dia-
mond scriber method seems to offer great practicality in its execution, it
fails to deliver on this particular point. Namely, the smallest distance be-
tween graphene and the edge that was found was 1.8nm.
A possible explanation for the relatively high number of graphene flakes
missing is that when the sample is broken, the sudden force exerted on
the PMMA causes it to break. This means that graphene that sticks to
the PMMA might break as well. Upon dissolution of the PMMA in ace-
tone, these patches of graphene would let loose of the underlying sub-
strate, therefore exposing the SiO2.
An extra feature that can be detected in these images are the ‘blobs’
that show up most prominently in the zoomed-in images. These blobs are
most likely leftover PMMA from the transfer-process.
The larger than expected stepsize between SiO2 and graphene (2.6nm
in comparison to 1.8nm) can be explained by taking the breaking process
into consideration. As mentioned above, this breaking process exerts a
relatively large amount of force on the graphene, causing it to break and
stretch. When graphene breaks, crumbles develop in the graphene sheet.
These crumbles are most likely to develop near the point of breaking and
might therefore lift up the edge of the graphene sheet slightly. This high-
lights the relevance of phase-image analysis in order to distinguish be-
tween graphene and SiO2. This is not to say, however, that measurements
of the step-height should be completely omitted, because they can still
offer valuable information. An example of the value of analyzing step-
heights is given above, where the nature of the graphene fold on the end
was confirmed via step-height analysis.
2.3 MCBJ method
The second method of breaking that was researched is the so-called MCBJ
method. This method is based on the Mechanically Controllable Break
Junction-technique, developed in this research group for study of metallic
and superconducting atomic contacts [22]. This method is schematically
shown in figure 2.6. The main difference between this method and the
diamond-scriber method is that the graphene is not covered with PMMA.
Furthermore, the MCBJ technique allows for more controllable breaking.
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Figure 2.6: Schematic representation of the MCBJ-technique of breaking
Before pressure is exerted on the wafers, they are first weakened by
either scratching a line on the back end (Si) of the wafer, or by making
a notch on the front side (SiO2) and a scratch on the back. As it turned
out, these methods had a significant effect on the results obtained with the
AFM-analysis.
MCBJ Methods part 1
The first samples were broken after the Si-wafers were scratched on the
back and graphene was deposited on the SiO2. After pressure was exerted
in the manner shown in figure 2.6, the wafers were analyzed using an
optical microscope. The areas that seemed to have the best coverage of
graphene up to the edge were identified. These areas were subsequently
imaged using an AFM, the results of which are shown below.
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Figure 2.7: a) TM AFM height image of the edge of graphene on top of Si-SiO2-
wafer broken using the first MCBJ method. b) Corresponding phase image
In figure 2.7 graphene can be seen reaching up to the edge, albeit not
with great coverage. Leftover PMMA can be observed as the blobs on top
of the graphene sheet. These blobs are several nanometers high, which is
16
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characteristic for PMMA residues. The presence of these residues could
also explain the larger-than-expected step-size between the graphene and
the SiO2. It can be seen that upon breaking, some of the graphene folded
back onto the PMMA.
MCBJ Methods part 2
As a second method of breaking the wafers, a combination of a notch on
the front (SiO2) and a scratched line on the back (Si) was used. The notch
on the front would reduce the amount of strain exerted on the graphene
and therefore limit the amount of graphene folding that occured. This
method was tried on two separate occasions, the results of the first attempt
are shown in figure 2.8. Again a part of the edge that looked promising
under the optical microscope was chosen, as it was for all following cases.
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Figure 2.8: a) TM AFM height image of the edge of graphene on top of Si-SiO2-
wafers broken using the second MCBJ method. b) Corresponding phase image.
c) Height profile corresponding to line drawn in a), a stepsize of 1.8nm can be
seen.
An important aspect to realize in viewing these images is that, even
though a part where graphene optically seemed to reach up to the edge
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was chosen, the AFM-image was specifically aimed at an area where SiO2
and graphene are visible. This was done in order to distinguish between
the graphene and the substrate. It also provides the necessary contrast
that is needed in order to determine the separation distance between the
graphene and the sample edge – if present. In image 2.8 the graphene
reaches up to the edge, within the resolution of the AFM.
The results of the second measurement are shown in figure 2.9.
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Figure 2.9: a) TM AFM height image of the edge of graphene on top of Si-SiO2-
wafer broken using the second MCBJ method. b) Zoomed-in TM AFM phase im-
age of area indicated in a). c) Zoomed-in TM AFM phase image of area indicated
in b)
Figure 2.9 shows a part of the edge with a visible SiO2-patch. Image
2.9c offers the highest resolution possible with the available equipment.
On this image no distance between the sample edge and the graphene
can be observed. This suggests that this method leads to good graphene
coverage on the edge.
18
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Discussion
From the results above it seems clear that the better method of the two
MCBJ-methods is the one where the Si-wafer is notched on the front and
scratched on the back. This seems to confirm the beforementioned the-
ory that the notch on the front reduces the amount of strain put on the
graphene before breaking and thereby reduces the chance of parts folding
backwards. It can also be concluded that within the resolution of the AFM
the graphene seems to reach up to the edge with both methods, with better
coverage using the second method.
It must be mentioned that there are still missing patches of graphene
at the edge. This suggests the possible presence of overhanging patches of
graphene on the other part of the broken sample. One way of confirming
this would be obtaining an AFM image of the two edges at once. This
would allow for comparing the missing pieces on one edge with folds on
the other. A more comprehensive analysis of this phenomenon will be
made in section 2.4.
2.4 Reactive Ion Etching
Method of Reactive Ion-Etching
The last method that was analyzed was the Reactive Ion-etching method
(or plasma-etching). This method takes advantage of the atomically sharp
fractured edge of the silicon substrate. Using the standard method of
transfer, graphene can be deposited on a silicon substrate that has been
previously broken into two halves. These two parts are separated from
eachother (distance 300µm) at the moment of deposition. This allows for
reactive ion etching in oxygen plasma coming from the backside of the
silicon wafers (the part that isn’t covered by graphene and PMMA). The
overhanging part of graphene will be therefore etched away. In this pro-
cess the silicon-wafer thus acts as a shadow mask, and its atomically sharp
break should protect graphene up until the edge. The process is schemat-
ically shown in figure 2.10.
Whereas the methods mentioned in section 2.2 and 2.3 were straight-
forward, there are more parameters involved in the plasma-etching method.
The etching has to be performed long enough to etch away all the graphene,
but not too long as to etch away all the PMMA. If all the PMMA is etched
away this would lead to graphene on top of the silicon-wafers being de-
stroyed, which is something that should in all cases be avoided.
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Figure 2.10: Schematic representation of the reactive ion-etching method. The
grey wafers represent the Si–SiO2 wafers.
Even though the first attempts didn’t result in samples that were ready
to use in a nanogap junction, they did offer some interesting insights into
the operations and the viability of the reactive ion-etching method. These
results are summarized below.
The first two etching processes were performed at a pressure of 0.3mBar
for 2-3 minutes. From the optical microscope figure 2.11a it can be seen
that the parameters were not chosen well enough to etch away all the
overhanging graphene. This can be concluded from the fact that a fold –
detectable by the contrast between single and double layer graphene – can
be observed near the edge. This fold can be explained by assuming that
not all the graphene was etched away during the plasma-etching. Con-
sequently, when the polymer layer on top of the graphene was dissolved,
the graphene folded upon itself. This was confirmed by AFM analysis of
this fold.
The second attempt resulted in more folded up graphene (figure 2.12).
Here the difference in contrast between certain parts of these folds indi-
cates that the graphene was even folded up multiple (3/4) times after the
acetone dissolution of the PMMA.
The third attempt, however, did not show any sign of graphene folds
underneath the optical microscope. During this attempt the plasma was
applied at 0.1 mBar for 4 minutes. The AFM-images are shown in figure
2.13. These look different from AFM-scans previously conducted. There
20
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Figure 2.11: a) Optical Microscope Image of a fold (bright blue) on top of single
layer graphene (dark blue) on the edge of a Si-SiO2 wafer. Scalebar = 30 µm. b)
AFM image of the edge of the fold (indicated by the red arrow in a)). The height
profile corresponding to line 1 gave a 9nm step height.
(a) (b)
(c) (d)
Figure 2.12: Several 150x150 µm2 Optical Microscope images of graphene folds
on the edge of samples broken using the Reactive Ion Etch method.
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Figure 2.13: a) TM AFM height image of the edge of graphene on top of Si-SiO2-
wafers broken using the Reactive Ion Etching method. b) Corresponding phase
image.
seems to be a structure of residue on top of the graphene that has a differ-
ent structure than previous PMMA residue. Furthermore, this structure
seems to be upheld all the way up to the edge.
Discussion
The main problem for the etching method seems to be finding the right
parameters. When the graphene isn’t etched away completely upon ex-
posure to the plasma, folds develop after the acetone dissolution. When
one of these folds was analyzed it was noticed that the step-size from the
single layer graphene onto the folded up sheet was higher than one would
expect for such a step. This can be explained by the presence of the PMMA
residue, sandwiched inbetween the graphene fold.
A second point of interest in the results obtained using the plasma-
etch method was the structure that was found, seemingly on top of the
graphene sheet placed on the SiO2. This structure can also be seen in figure
2.14, however not as prominent
The possible cause of this structure could be the back-graphene from
the copper substrate. Namely, after the Cu dissolution (by which the
Cu used in the Chemical Vapor Deposition is meant), the surface of the
graphene is covered by carbon residuals. This happens because these
22
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Figure 2.14: a) TM AFM height image of a graphene sheet on top of Si-SiO2-
wafers broken using the MCBJ-method. b) Corresponding phase image
residuals are hydrophobic and thus tend to stick more to graphene than
to float in the water. These carbon traces are amorphous. In fact, the
graphene is grown on Cu and usually grows uniform on one side but less
uniform on the other. After protecting the uniformly formed graphene
with PMMA and before Cu etching, the sample is generally exposed to O2
plasma to remove the less uniformly formed graphene from the Cu side
that is unprotected by PMMA. If this process is unsuccesfull, as is probable
in this case, during the etching of the Cu this graphene will be in contact
with the etchant solution. Consequently, while the Cu etches, this unpro-
tected graphene get dispersed in the etchant, crumbles and sticks back to
the graphene/PMMA that is floating on top of the etchant, simply by hy-
drophobic interaction. This will subsequently be deposited together with
the uniform graphene onto the wafer. These structures are amorphous
and can have different thicknesses depending on the way they stick to the
graphene, resulting in completely irregular structures.
2.5 Conclusion
From the results above, several conclusions can be drawn. The first of
which is that the MCBJ-method the only method is that conclusively re-
sults in graphene all the way up to the wafers edge. The second conclusion
is that when this technique is applied it might be possible that there are
patches of graphene hanging over the SiO2. These overhanging patches
would disturb the measurements performed with the nanogap junction
and are therefore highly unwanted. In order to further investigate this,
one method of experimentation that hasnt been tried before is to try and
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image both wafer-edges at the same time.
It must also be mentioned that, as of now, there is still insufficient data
for the plasma-etched samples to definitively conclude something about
the graphene coverage on the edge. Plasma etching method deserves a lot
of attention, considering that it is the only method that could rule out over-
hanging graphene patches. Therefore, great care should be taken when it
comes to the parameters of the plasma-etching as well as the preparation
of the graphene itself. This should deserve special attention, seeing as the
plasma-etch method is the only method that, theoretically, is able to get
rid of all overhanging graphene patches.
Furthermore, it seems safe to conclude that the diamond-scriber method
is highly unwanted, seeing as no observable graphene coverage was no-
ticed along the edge of the silicon-wafers.
24
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Chapter3
High Voltage Effect on Broken
Graphene
3.1 Room temperature Measurements
Method
The effect of high voltage applied on a sample, broken with the MCBJ
method, is investigated. The Si/SiO2 wafer of this sample is mounted
on a copper substrate. In between the wafer and the copper insulating
Kapton-tape, developed by DuPont in the late 1960’s, is placed. Kapton
remains stable across a wide range of temperatures, which makes it espe-
cially suited for experiments at 4K. This configuration allows for bringing
the wafers back together after breaking has occurred. When the wafer is
broken by applying pressure from underneath, the two resulting wafers
can be brought together by releasing this pressure. It seems unlikely that
the graphene sheets would get back into perfect contact. There will be a
slight separation between the two sheets, which would encompass a gap.
This concept is schematically shown in figure 3.1.
In the experiment, which lasted for approximately 25 minutes, voltage
ramps ranging from -3 to 3V were constantly applied on the graphene.
The data in figure 3.2 shows several IV-measurements, ranging from the
first measurement (Current 1) until the final measurement (Current 9). A
clear flattening of the S -shape can be observed. It must be noticed that the
unit of current was not recorded during this measurement and is therefore
not shown.
This sample was kept for a significant period of time in air before the
measurements were performed. This means that contaminations might
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Figure 3.1: Schematic overview of the MCBJ method
have gathered on the graphene sheet. Afterwards, the experiment was
recreated with a different sample and the electrical measurements were
made right after the breaking occurred. This experiment was conducted
in relatively low vacuum (around 10−3 mbar). In figure 3.3 the results of
this second experiment are shown. Here the IV-ramps that were sent to
the sample ranged from -4V to 4V. This ramping occured at a frequency of
about 0.5Hz. This was done for a period of over an hour. The red graph
shows the final IV-measurement, while the black graph shows the first IV-
measurement after breaking.
No significant increase in resistance can be observed in this measure-
ment. Whereas in the first experiment the ‘S-Shape’ seemed to elongate
after several voltage-ramps, this effect does not occur anymore.
The asymmetric behavior, however, seems to only have increased and
is more clearly noticeable. Another aspect that shows up in many of these
IV-ramps are the sudden jumps in current that occur, mostly at negative
voltages. The jumps shown in figure 3.4 are indicative of jumps seen in a
significant amount of IV-measurements that were obtained on this sample
after breaking.
Discussion
The two aspects of this measurement that stand out the most are the down-
ward trend of the IV-curves, indicating an increase in resistance, and the
asymmetric behavior in current flow. These characteristics point to either
26
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Figure 3.2: IV measurement of a sample broken using the MCBJ method. Mea-
surements were performed over a time of 25 minutes. Resistance increased over
time (Current 1→ Current 9)
Figure 3.3: IV measurement of a sample broken using the MCBJ method in vac-
uum. Measurements were performed over a time of 90 minutes
silicon-silicon contact or graphene-silicon contact.
Graphene oxidizes when exposed to relatively high currents. This would
happen during the room-pressure experiment, in contrast to the experi-
ment conducted in vacuum conditions. The fact that the resistance rises in
ambient conditions , after multiple IV-ramps have been conducted,and the
fact that this doesn’t happen when the same experiment is conducted in
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Figure 3.4: Typical jumps in current observed during IV measurements of previ-
ously broken MCBJ samples
vacuum conditions points to the possibility of electroburning of graphene.
The asymmetric behavior, on the other hand, shows a typical response
for silicon, a semiconductor, suggesting that both silicon wafers are in di-
rect or indirect in contact with eachother
Assuming that after breaking, patches of graphene could hang over the
edge, it might be possible that the graphene transferred onto one silicon
wafer (Si1), is in contact with the silicon of the other wafer (Si2). The height
of the SiO2-layer is 285nm and missing patches of graphene of over 5µm
have been observed during AFM analysis of samples broken using the
MCBJ-method. Moreover, an overhanging ‘bridge’ of graphene of the size
of 3 µm has been observed, shown in figure 1.2, on a sample that had been
previously broken using the MCBJ-method. This means that it is possible
that the Van der Waals-forces of the opposite wafer keep the overhanging
graphene patch strongly attached to its edge. During the same breaking
process, another patch of graphene, deposited on Si2, can also overhang
and make electrical contact with the same silicon wafer. This would, in-
directly, make electrical contact with the other patch of graphene. In this
configuration, both overhanging graphene patches would act as electrodes
attached to either end of a semiconductor material (silicon), and therefore
explain the asymmetrical behavior.
When the overhanging graphene starts to oxidize as a result of many
IV-ramps, its resistance increases. Eventually all the overhanging graphene
is burned away, leaving a contactless gap. This would also explain the in-
28
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crease in resistance over time (after many IV-curves) observed in ambient
conditions and not observed in vacuum conditions.
A sudden jump from in-contact to out-of-contact when a graphene
patch lets loose of the silicon can be expected. Such a jump was not ob-
served. Instead a gradual decline in conductance was observed, pointing
to a different explanation. In order to further investigate this behavior,
a subsequent measurement at a temperature of 4 K was performed, the
results of which are described in the following section.
3.2 Low Temperature Measurements
In order to investigate the effect of temperature on the measurements de-
scribed above, a third experiment was conducted. The IV measurements
were performed while the sample was lowered into a vessel containing liq-
uid Helium, so the sample gradually cooled down to 4 Kelvin. The main
goal of this measurement was to observe possible unfolding of graphene
patches by applying an electric field between two broken sheets.
The results of subsequent IV-measurements, obtained after breaking
whilst the sample was cooled down to 4K are shown in figure 3.5.
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Figure 3.5: IV measurement of a sample broken using the MCBJ method in vac-
uum. The Sample was gradually cooled down (Current 1→ Current 9 ) to 4K
The results of this measurement clearly show the same asymmetric be-
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havior, associated with a semiconductor such as silicon, that was seen in
the measurements described in section 3.1. Also, a clear decrease in con-
ductance can be seen as the temperature decreases.
When the sample was fully cooled down to 4K, (figure 3.6) the con-
ductance was continiuosly measured by applying a set voltage of 4V and
measuring the current passing through the junction. At certain points dur-
ing this measurement a voltage-ramp was sent through the junction, after
which the conductance was measured again.
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Figure 3.6: Conductance traces of a sample broken in vacuum at 4K using the
MCBJ method. Time is unitless, as it was not recorded during the experiment.
Jumps in conductance were mostly initiated by intermediate voltageramps. Both
graphs were obtained over a period of approximately 20 minutes
Clear jumps, rises and drops, in conductance can be observed in this
measurement. Most of these jumps were initiated by sending a voltage
ramp through the junction. Some, however, occurred spontaneously.
The conductance never dropped to zero, indicating that there is a cur-
rent flowing from one wafer to the other at all times. This current seems
to decrease with time. This can be seen from the slope in the ‘base-line’
underneath all jumps and their associated platforms.
Discussion
The fact that the conductance over the junction decreases as the tempera-
ture of the sample decreases points to the possibility of conductance through
the silicon part of the wafers. Silicon is a semi-conductor and becomes an
insulator as the temperature approaches 4K. The downward slope of the
graph in the beginning and end of the measurement, shown in figure 3.6,
could indeed indicate that the sample was at that moment still slowly cool-
ing down, therefore slowly decreasing the conductance of the silicon.
30
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The conductance jumps indicate possible unfolding of graphene patches
from one sheet onto the other.
The main goal of this experiment, reforming the contact between two
graphene sheets by applying a high voltage, was not obtained. Whether
both wafers were brought into contact via overhanging graphene sheets
or via mechanical contact remains an open question.
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Chapter4
Nanogap Junction
Simultaneously with the microscopically and electronically based char-
acterizations the experimental setup of the nanogap junction was con-
structed. The concept of DNA sequencing via the nanogap junction will
be elaborated on in section 4.1. Afterwards, the experimental setup will be
described in section 4.2.
4.1 Description of the Nanogap Junction
The main purpose of the creation of a nanogap junction between two
graphene sheets is its application to DNA sequencing. In 2010 it was
shown that DNA could be translocated on a single nucleotide level by
pulling it through nanopores fabricated in a graphene monolayer [18].
This discovery fueled thoughts about the viability of DNA sequencing by
pulling its nucleotides not through a nanopore, but through a nanogap.
A major advantage in comparison to earlier nanopore-based sequencing
techniques is the improvement of resolution. Previous methods relied
mostly on nanopores that were in the order of 100 times thicker than the
size of one DNA-monomer [19]. In contrast, graphene has a thickness of
0,3 nm, which is in the same order of size as one nucleotide.
There are, however, problems that come along with the introduction
of an actual gap between two substrates. The main problem is that there
is a need for perfect vertical alignment. When two graphene sheets (one
atomic layer thick) aren’t perfectly aligned, the increase in resolution might
drop significantly – if the DNA could be sequenced at all. This vertical
alignment is almost impossible to realize in practice. This is why two
sheets were placed at an angle with respect to each other. As can be seen
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in figure 4.1, this eliminates the need for perfect vertical alignment. If
the graphene comes to the edge of the substrate, there will always be two
points of graphene at the same height.
Figure 4.1: Schematic representation of a nanogap, where the graphene electrodes
have been placed under an angle with respect to eachothe
In the process of DNA sequencing with the use of nanopores, an ion-
current across the nanopores is measured. In the case of a graphene nanogap
junction, however, the sequencing will rely on the change in tunneling cur-
rent. Namely, a distinctive tunnelling current will be observed when the
molecular energy level of a base falls within the voltage bias window of
the two electrodes. When the molecular eigenlevels are far away from the
electro-chemical potentials of the graphene edges, tunnelling will be off-
resonant and the tunnelling currents will be small [2].
4.2 Description of Setup
In order to create the nanogap junction, an experimental setup should be
able to:
1. bring two Si/SiO2 wafers close together in a controllable manner.
2. measure the tunneling current passing through the junction
3. offer the possibility of mounting the Si/SiO2-wafers under an angle
with respect to each other
4. prevent any electrical contact via the Si/SiO2-wafers.
The STM depicted in figure 4.2 was constructed. A constant bias voltage
is applied over two graphene sheets. In the meantime 4 piezo crystals,
34
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controlled by LabView, are moving one of the platforms to the other using
slip-stick motion. When a current above a certain threshold is measured
in between the two graphene sheets, the approach stops. This threshold
should be chosen such that the motion of the wafer is stopped within the
tunneling regime, which is in the order of nA-fA.
Figure 4.2: Schematic depiction of experimental setup that can be used to create
the graphene nanogap
The measurement of current occurs through gold electrodes (thickness
varies between 10 – 40nm) that have been evaporated on an adhesion layer
of chromium ( 5nm). The graphene sheet was deposited over these elec-
trodes, therefore making electrical contact. The electrodes are in contact
with clamps that that serve both as mechanical and electrical connection.
The platforms are mounted with screws to the rest of the casing, allow-
ing for their rotation. Finally, a layer of kapton-tape is placed between
the wafers and the platforms to insure that there is no electrical contact
between of silicon from the bottom.
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There is, however, one possible problem that should be mentioned for
future reference. In case the sample is mishandled, the SiO2 could get
damaged and current could pass to the Silicon. This is why the platforms
can be bent in such a way that both of them are facing downward, as de-
picted in figure 4.3.
Figure 4.3: Schematic depiction of the diagonal placement of the wafers in order
to obtain a larger distance between the silicon wafers compared to the graphene.
Mounting the platforms in such a way would result in a larger dis-
tance between the silicon part of the wafers compared to the graphene
sheets. This would make the tunneling-probability through the wafers
significantly lower than that for tunneling between the graphene-sheets.
36
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